









































































































































Microtubules,	 dynamic	 polymers	 of	 tubulin	 heterodimers,	 are	 one	 of	 the	 three	major	 cytoskeletal	




in	Archaea	 and	 bacteria,	which	 can	 also	 assemble	 into	 polymers	 and	 play	 a	 role	 in	 cell	 division	 in	




	In	 cells,	 generally	 microtubules	 are	 nucleated	 from	 a	 special	 machinery	 called	 “Microtubule-



























of	 nervous	 system.	 This	 complex	 network	 is	 central	 to	 basic	 brain	 functions	 like	memory,	 sensory	
perception,	 learning,	 cognition	 and	 motor	 behaviour	 (Kalil	 and	 Dent,	 2014).	 During	 neural	




Microtubules	 are	 major	 cytoskeletal	 elements	 in	 neurons	 and	 they	 control	 various	 fundamental	
neuronal	 processes	 such	 as	 migration,	 polarity	 formation	 and	 differentiation	 (Kapitein	 and	




















outside	of	pre-existing	microtubules	 (Sànchez-Huertas	 et	 al.,	 2019).	 But	 the	exact	mechanism	how	
microtubules	are	remodelled	at	branching	points	is	still	not	known.	Microtubule-severing	proteins	like	
spastin	 and	 katanin	 play	 an	 active	 role	 in	 axon	 branching	 (Yu	 et	 al.,	 2008),	 but	 how	 severed	
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microtubules	are	remodelled	at	a	branch	point	is	still	an	enigma.	Until	now,	there	was	no	evidence	of	









In	 vitro	 reconstitution	 showed	 that	 SSNA1	 mediates	 microtubule	 nucleation	 and	 further	 induces	





the	 protein	 lead	 to	 abrogation	 of	 branching	 in-vitro.	 It	 was	 found	 that	 SSNA1	 localizes	 at	 axon	
branching	sites	in	primary	neurons	and	it	has	a	key	role	in	neuronal	development.	SSNA1	mutants	that	
abolish	microtubule	branching	 in	vitro	also	 fail	 to	promote	axon	development	and	axon	branching,	



















Institute	of	 Biochemistry,	Martinsried,	Germany.	 The	 thesis	mainly	 comprises	 two	 topics:	 1)	Direct	
induction	of	microtubule	branching	by	microtubule	nucleation	factor	SSNA1	and	2)	Structural	insights	









































































tubulin,	 which	 are	 normally	 referred	 as	 αβ-tubulin	 or	 tubulin	 (Figure	 1A).	 The	 structural	 subunit,	
tubulin	heterodimer	consists	of	very	compact	globular	“body”	and	can	be	divided	into	three	distinct	
functional	regions:	N-terminal	(N-terminal)	containing	nucleotide-binding	region,	intermediate	region	
containing	 taxol-binding	 site	 and	 a	 negatively	 charged,	 disordered	 C-terminal	 tail	 (Nogales	 et	 al.,	
1998c).	Each	tubulin	monomer	binds	a	single	molecule	of	GTP	nucleotide.	The	GTP	nucleotide	bound	
to	α-tubulin	at	N-site	is	not	hydrolyzable	and	only	the	GTP	bound	to	β-tubulin	at	E-site	is	hydrolyzed	
to	 GDP	 during	 microtubule	 polymerization	 (Nogales	 et	 al.,	 1998c).	 The	 α-and	 β-tubulin	 “body”	




In	 cells,	microtubules	are	 typically	 composed	of	13	 linear	protofilaments	 (pf)	 connecting	with	each	






















The	 presence	 of	 seam	 has	 an	 important	 implication	 in	 high	 resolution	 microtubule	 structure	
















or	 sparse	decoration,	 it	was	 hard	 to	 determine	 the	 clear	 cross-correlation	peak	 values	 resulting	 in	
failure	of	correct	seam	determination	for	the	given	microtubule	segments	(Zhang	and	Nogales,	2015).	
Recently	 with	 improved	 data	 quality	 obtained	 from	 the	 direct	 detector	 and	 combining	 with	 the	
improved	 data	 processing	 algorithm,	 Rui	 Zhang	 and	 colleagues	 have	 been	 able	 to	 obtain	 high	





Another	 important	aspect	of	 the	microtubule	structure	 is	 that	 it	 is	highly	negatively	charged	at	 the	
outer	surface	due	to	the	disordered	C-terminal	tail	of	tubulin.	These	C-terminal	tails,	which	are	also	
known	as	E-hooks	due	to	the	presence	of	multiple	glutamate	residues,	play	an	important	role	for	the	
interaction	with	many	microtubule-binding	proteins	 (MTBPs).	 The	 tubulin	 tail	 acts	 as	a	hotspot	 for	
different	 post-translational	 modifications	 (PTMs)	 such	 as	 phosphorylation,	 detyrosination,	
glutamylation	and	glycylation	and	could	affect	the	recruitment	and	interaction	of	various	MTBPs	(Roll-




















addition	and	removal	of	 tubulin	dimers	at	 their	end.	This	property	of	microtubule	 is	also	known	as	
“dynamic	instability”.	Interestingly,	microtubules	are	also	found	to	be	highly	curved	in	vivo,	in	contrast	
to	the	view	of	highly	rigid	polymers.	This	curvedness	of	microtubules	is	suggested	to	be	the	result	of	







similarity	 (about	 95	%).	 The	most	 isoform	 sequence	 variation	 and	posttranslational	modification	 is	


















glutamates	and	acetylation	of	 the	 lysine	40	of	α-tubulin	 (Figure	2A).	Apart	 from	these	well	 studied	
posttranslational	 modifications,	 there	 are	 others	 which	 have	 been	 discovered	 recently;	




been	 shown	 to	 affect	microtubule	 dynamics	 during	 cell	 division	 (Fourest-Lieuvin	 et	 al.,	 2006).	 The	
methylation	of	K40	in	α-tubulin	seems	to	compete	with	the	acetylation	of	same	residues	(Park	et	al.,	
2016)	 and	 polyamination	 seems	 to	 add	 positive	 charge	 to	 glutamate	 residues	 and	 is	 involved	 in	
stabilization	of	microtubules	(Song	et	al.,	2013).		






Tyrosination	 is	a	 reversible,	ATP	dependent	and	 tRNΑ-independent	addition	of	 free	 tyrosine	 to	 the	


















of	 proteins	 which	 bind	 to	 the	 growing	 end	 are	 also	 known	 as	 +TIPs	 and	 the	 process	 of	





















various	 MTBPs.	 Addition	 or	 removal	 of	 glutamate	 and	 glycated	 residues	 could	 either	 increase	 or	
decrease	the	net	negative	charge	of	the	C-terminal	tail	respectively.	Considering	most	of	the	MTBPs	
and	motor	protein’s	microtubule-binding	sites	have	a	patch	of	positive	charge,	these	polyglutamate	
residues	 could	 act	 as	 a	 fine	 tuner	 for	 this	 charge	 based	 interaction	 between	 the	microtubule	 and	
MTBPs	 (Roll-Mecak,	 2015).	 Blot-overlay	 assays	 have	 shown	 that	 tau,	MAP2,	MAP1B	 and	 kinesin-1	
preferentially	 interacts	 with	 microtubules	 that	 have	 up	 to	 three	 glutamates	 while	 MAP1A	 shows	
preference	 towards	microtubules	with	up	 to	6	glutamates	 (Roll-Mecak,	2015).	 The	 tubulin	purified	
from	the	brain	 tissues	have	 in	average	3	 to	6	glutamates	and	maximum	up	to	11	glutamates	 (Roll-
Mecak,	2015).	The	longest	chain	of	glutamate	was	found	in	cilia	where	up	to	21	glutamates	has	been	
observed	(Roll-Mecak,	2015).	Polyglutamylation	in	cilia	regulates	the	dynein	motors	which	alters	the	
ciliary	 beating	 and	 movement	 (Gadadhar	 et	 al.,	 2017).	 In	 neurons,	 it	 was	 shown	 that	 the	






(Janke,	 2014).	 In	 mammals,	 TTLL3	 and	 TTLL8	 initiates	 the	 glycylation	 which	 is	 then	 elongated	 by	






for	 the	 stable	microtubule	 (Roll-Mecak,	 2015).	 This	 selectivity	must	 be	 the	 consequences	 of	 TAT’s	
preference	 for	 polymerized	microtubule	 compare	 to	 free	 tubulin	 (Roll-Mecak,	 2015).	 Since	 K40	 is	







Apart	 from	 the	 genetic	 isoform,	 the	 C-terminal	 tail	 of	 tubulin	 can	 also	 undergo	 various	
posttranslational	modifications.	There	 is	a	plethora	of	different	combination	of	 these	modifications	
possible,	 which	 could	 give	 rise	 to	 a	 chemically	 diverse	 and	 complex	 signaling	 platform	 on	 the	
microtubule	surface,	which	 is	now	referred	to	as	“Tubulin	code”	 (Janke,	2014;	Verhey	and	Gaertig,	
2007).	 This	 is	 analogous	 to	 the	 “histone	 code”,	 where	 various	 posttranslational	 modification	 and	
sequence	 variability	 is	 concentrated	 at	 the	 N-terminal	 tail	 (Jenuwein	 and	 Allis,	 2001).	 Recent	
discoveries	in	isoform	specific	tubulin	mutations	and	its	involvement	in	range	of	human	pathologies	is	










nucleation	 seems	 to	 be	 conserved	 across	 the	 eukaryotes	 as	 it	 has	 been	 found	 in	 all	 non-parasitic	
eukaryotic	organisms	(Findeisen	et	al.,	2014a;	2014b;	Gull,	2001;	Kollman	et	al.,	2011).	δ-,	ε-,	ζ-	and	η-
tubulin	 was	 found	 in	 cilia/flagella	 and	 basal	 bodies	 and	 was	 proposed	 to	 be	 connected	 to	 triplet	









by	 addition	 of	 GTP-tubulin	 at	 the	 microtubule	 end,	 which	 is	 also	 known	 as	 growing	 end.	 The	


























and	 shrinkage	 cycle.	 These	 conformations	 are	 described	 as	 curved,	 expanded	 and	 compact	
conformations.	Free	GTP-tubulin	dimers	have	a	curved	conformation	characterized	by	~12°	kink	at	the	
intra-dimer	 space	 (Brouhard	 and	 Rice,	 2018).	 After	 binding	 to	 the	 growing	 end,	 tubulin	 dimers	
straighten	into	expanded	conformation.	This	change	in	conformation	introduces	strain	to	the	lateral	
lattice	 as	 the	microtubule	 lattice	 holds	 tubulin	 dimers	 in	 an	 unfavorable	 conformation.	 After	 GTP	
bound	to	b-tubulin	is	hydrolyzed,	the	dimers	undergo	another	structural	change	to	compaction,	which	
results	in	shortening	of	the	microtubule	lattice	by	2	Å	(Alushin	et	al.,	2014).	When	the	stabilizing	GTP	
cap	 is	present,	the	relatively	strong	 lateral	bond	holds	the	polymer	structure	resulting	 in	continued	
polymerization	but	when	the	GTP	cap	 is	 lost,	GDP-tubulin	relaxes	and	adopt	their	preferred	curved	
confirmation,	 releasing	 the	 stored	 strain	 energy	 in	 dimer	 and	 peeling	 outward	 forming	 a	 curved	


















and	 Straube,	 2011).	 The	 growing	 and	 shrinking	 microtubule	 generates	 pushing	 and	 pulling	 force	











In	 in-vitro	 conditions	 spontaneous	 polymerization	 of	 microtubules	 is	 rare	 unless	 the	 tubulin	
concentration	 exceeds	 the	 critical	 concentration.	 This	 process	 is	 known	 as	 nucleation	 and	 is	 an	














targeting	 protein	 for	 Xklp2	 (TPX2)	 and	 neuronal	 migration	 protein	 doublecortin	 (DCX)	 promote	
nucleation	in-vitro.	They	recognize	the	curved	confirmation	of	ab-tubulin	at	the	microtubule	tip	and	






















In	 general,	 the	 MTBPs	 can	 classify	 into	 different	 groups,	 either	 according	 to	 their	 functions	 like	
stabilizer,	 destabilizer,	 bundlers/cross-linkers	 and	 capping	 or	 where	 they	 localize	 or	 bind	 on	
microtubule	 surface	 like,	 +TIP	 binding	 proteins	 (recruited	 to	 the	 growing	 end),	minus	 end	 binding	
proteins	(recruited	to	the	minus	ends)	and	lattice	binding	proteins	(associate	with	microtubules	along	
the	 length)	 (Figure	 3).	 Other	 MTBPs	 proteins	 include	 motor	 proteins	 which	 use	 microtubules	 for	
intracellular	 trafficking	 and	 cytoplasmic	 linker	 proteins(CLIPs)	which	 is	 responsible	 to	maintain	 the	









Stabilizers	 are	 set	 of	 proteins,	 which	 either	 promote	 polymerization	 or	 slows	 down	 the	
depolymerization	or	catastrophe.	Although	proteins	falling	into	this	group	are	quite	diverse	they	can	
be	grouped	 into	one	or	another	sub-group	according	 to	some	similarities	 in	motif,	domain	or	 their	
behaviors.	Some	of	these	proteins	also	contain	a	conserved	domain	which	are	sometimes	found	to	be	
repeated	 in	 their	 structure.	 One	 example	 is	 protein	 XMAP215,	 a	 member	 of	 cytoplasmic	 linker	
associated	 proteins	 (CLASP)	 family	 proteins	 which	 suppresses	 the	 microtubule	 catastrophe	 and	
promotes	rescue,	contains	multiple	conserved	TOG	domain	(Al-Bassam	and	Chang,	2011).	Calponin-
homology	 domain	 (CH-domain)	 containing	 proteins	 like	 EB1	 and	 kinetochore-microtubule	 linker	
NDC80	 and	 CAP-GLY	 containing	 proteins	 like	 CLIP170	 and	 p150glued	 show	microtubule-stabilizing	













end	 and	 binds	 at	 both	 longitudinal	 and	 lateral	 interface	 of	ab-tubulin	 (Brouhard	 and	 Rice,	 2018;	
Roostalu	 et	 al.,	 2015a)	 (Figure	 4C).	 These	 two	 completely	 unrelated	 proteins	 seem	 to	 suppress	
catastrophe	 by	 same	 general	 mechanism	 that	 is	 by	 stabilizing	 tubulin-tubulin	 dimer	 interface	
(Brouhard	and	Rice,	2018).		
	
XMAP215	 family	 proteins	 recognize	 the	 curved	 tubulin	 dimers	 at	 the	 growing	 end	 and	 accelerate	




















Destabilizers	 are	 a	 set	 of	 MTBPs,	 which	 either	 induce	 catastrophe	 by	 binding	 to	 microtubule	 or	
sequester	 the	 pool	 of	 free	 tubulin,	 inhibiting	 the	 growth	 or	 polymerization	 or	 even	 breaking	 and	
severing	 stable	 microtubules.	 So,	 in	 general	 they	 increase	 the	 pool	 free	 tubulins	 through	 one	 or	
another	 mechanism	 (Goodson	 and	 Jonasson,	 2018).	 The	 protein	 like	 stathmin	 induces	 the	
depolymerization	by	sequestering	the	free	tubulin.	When	stathmin	binds	to	the	tubulin	dimers	 in	a	

















form	a	bundle	of	antiparallel	microtubule	 filaments.	This	organization	of	microtubules	 is	critical	 for	
both	segregation	of	chromosome	and	cytokinesis	(Walczak	and	Shaw,	2010).	The	protein	regulator	of	
cytokinesis	1	(PRC1)	cross-links	dynamic	microtubules	that	interact	in	anti-parallel	fashion	and	also	co-
operates	with	 kinesin	motor	 proteins,	 kinesin-4	 and	 kinesin-5,	 to	 control	 the	dynamics	 and	 size	 of	
bundled	region	(Walczak	and	Shaw,	2010).	The	bundling	of	microtubules	is	not	only	seen	during	cell	
division	but	also	in	other	stages	of	the	cell	cycle.	The	microtubule	cross-linking	factor	1	(MTCL1)	cross-
links	microtubules	 in	post-mitotic	 cells	via	 its	N-terminal	microtubule-binding	domain	 (Kader	et	al.,	
2017).	Microtubule	bundling	 is	 also	very	 important	 for	 the	axon	development	 in	neurons.	Tau	and	
MAP2	 are	 known	 to	 bundle	 microtubules	 inside	 axons	 and	 dendrites,	 respectively	 (Dehmelt	 and	
Halpain,	2004).	In	vitro	experiment	has	also	shown	that	shielding	or	neutralizing	the	negative	charge	
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integrators	 that	bind	both	actin	 and	microtubule	 (Gallo,	 2007).	 Even	 large	 scaffolding	proteins	 like	







There	 are	 various	 other	 proteins	 that	 do	 not	 fall	 in	 the	 above-mentioned	 categories	 but	 still	 play	
important	roles	in	microtubule-related	processes	in	the	cell.	Microtubule	motors	like	kinesin,	dynein	
and	 their	 accessory	 proteins	 such	 as	 the	 dynactin	 complex	 play	 an	 important	 role	 in	 intracellular	












of	proteins	which	have	an	ability	 to	 concentrate	at	 the	growing	end	of	 the	microtubule.	 +TIPs	 can	
further	 sub-divided	 into	 two	 groups,	 “autonomous	 tip	 trackers”,	which	 can	 recognize	microtubule	
growing	 end	 independent	 of	 any	 other	 factor	 and	 “hitchhikers”,	 which	 have	 some	 affinity	 for	
microtubule	but	mainly	concentrates	at	 the	growing	end	by	 interacting	with	other	autonomous	tip	









vertex	of	 four	ab-tubulin	dimers	 (Figure	4B).	The	EB	binding	protein	 is	also	known	as	“Master	TIP”	





protein	 interacts	with	 various	CAP-Gly	proteins	 like	p150glued	 and	CLIP170.	Also,	 the	 EBH	domain	





















binding	 protein	 and	 their	 interaction	 network.	 The	 plus	 end	 proteins	 are	 often	 composed	 of	
















proteins,	 are	 another	 group	 of	 proteins	 which	 can	 autonomously	 track	 the	 +TIP	 of	 microtubule	
(Akhmanova	 and	 Steinmetz,	 2015)	 (Figure	 4C).	 TOG	 domains	 are	 arranged	 tandemly	 and	 are	
responsible	 for	 the	 binding	 to	 tubulin	 (Al-Bassam	 et	 al.,	 2007;	 Slep,	 2009).	 The	 TOG	 domain	
preferentially	 binds	 to	 the	 curved	 ab-tubulin	 dimer	 and	 increases	 the	 rate	 of	 microtubule	





important	 to	 regulate	 the	 microtubule	 dynamics	 and	 link	 it	 to	 various	 other	 cellular	 activities	
(Akhmanova	and	Steinmetz,	2008;	2015)	(Figure	4A).	This	network	at	+TIP	is	very	dynamic	and	involves	









mediates	 the	nucleation	 from	the	 lateral	surface	of	pre-existing	microtubule	 (Petry	et	al.,	2013).	 In	
cells,	the	minus	end	protein	plays	important	role	in	determine	the	geometry	of	the	microtubule	as	they	





Apart	 from	 g-TURC	 complex,	 recently	 characterized	 set	 of	 proteins,	 calmodulin-regulated	 spectrin-


























Halpain,	 2004).	 Microtubule	 destabilizers	 proteins	 such	 as	 spastin	 and	 katanin	 also	 interacts	 with	











forms	major	component	of	midbody,	during	 interphase	 it	 forms	an	array	which	gives	cell	a	 certain	





The	 microtubule	 array	 during	 interphase	 plays	 an	 important	 role	 in	 maintaining	 cell	 shape,	



























the	microtubule	 organizing	 center	 (MTOC)	 and	 this	 generally	 includes	 centrosomes	 in	 animal	 and	
spindle	pole	bodies	in	fungi	such	as	budding	yeast	Saccharomyces	cerevisiae	and	fission	yeast	Schizo-
saccharomyces	 pombe	 (Goodson	 and	 Jonasson,	 2018)	 (Figure	 5c).	 MTOC	 contains	 a	 specialized	










Although	 g-tubulin	 and	 g-TURC	 complex	 is	 consider	 to	 be	 the	major	 components	 for	 microtubule	
nucleation	 machinery	 in	 cells,	 in	 flies	 the	 depletion	 of	 g-tubulin	 did	 not	 affect	 the	 steady	 state	
microtubule	 at	 interphase	 and	 generation	 and	 arrangement	 of	 microtubules	 are	 independent	 of	
centrioles	(Rogers	et	al.,	2008).	Similarly,	depletion	of	g-tubulin	in	C.elegans	suggested	that	g-tubulin	
is	required	for	centrosomal	aster	formation	but	was	not	necessary	for	nucleation	and	stabilization	of	











LBX2	 in	 green	 (G)	 Centrosome	 is	 generally	 composed	 of	 pericentriolar	 material	 and	 centrioles.	
Centrioles	generally	contain	one	older	“Mother	centriole”	and	younger	“daughter	centriole”.	Centrioles	
at	 the	base	of	cilia	and	 flagella	 is	 known	as	basal	bodies.	 In	 centrioles,	nine	 triplet	microtubules	are	







Apart	 from	 centrosomes	 other	 cellular	 components	 can	 also	 acts	 as	 a	 MTOC	 center,	 nucleating	
microtubule	 locally	 and	manipulating	 the	 local	 organization	of	microtubule	 architecture	 (Petry	 and	
Vale,	2015;	Wu	and	Akhmanova,	2017).	The	Golgi-apparatus	 represents	major	alternative	MTOC	 in	













The	 centrosome	 generally	 contains	 two	 centrioles,	 the	 older	 “mother	 centriole”	 and	 the	 younger	
“daughter	centriole”.	Centrioles	have	a	symmetrical	cartwheel	like	structure,	which	typically	consists	
of	 nine	 sets	 of	 triplet	 microtubule	 and	 two	 set	 of	 appendages	 at	 the	 distal	 end	 of	 the	 “mother	
centrioles”	 (Figure	 6G)	 (Vertii	 et	 al.,	 2016).	 The	 cartwheel	 like	 structure	 serves	 as	 a	 platform	 for	




[Figure	 sources:	 A)	 https://pixels.com/featured/1-fibroblast-cells-dr-jan-schmoranzerscience-










Cilia	 and	 flagella	 are	 highly	 conserved	 organelle	 made	 up	 of	 highly	 organized	 microtubule	 based	
structure,	motors	 and	 various	 other	 proteins	 (Figure	 6G)	 (Goodson	 and	 Jonasson,	 2018).	 They	 are	
required	 for	 cell	 signaling	 and	motility	 in	 various	 organisms	 (Viswanadha	 et	 al.,	 2017).	Motile	 cilia	
typically	 contain	 a	 single	 axoneme	 with	 nine	 outer	 doublet	 microtubules	 and	 two	 central	 pair	 of	






































changes	 like	migration,	 development	 of	 axon	 and	 dendrites,	 axon	 branching	 and	 establishment	 of	
synaptic	connections	(Kapitein	and	Hoogenraad,	2015).	Along	with	actin,	structural	organization	and	
dynamic	remodeling	of	microtubules	is	essential	for	completing	these	morphological	changes	(Conde	
and	Cáceres,	2009;	Kapitein	and	Hoogenraad,	2015).	Recent	 studies	have	 shown	 that,	microtubule	
defects	caused	by	mutations	in	genes	of	microtubule	binding	proteins	is	related	to	various	neurological	
disorders	and	neurodevelopment	problems	 (Kapitein	and	Hoogenraad,	2015).	Also,	 various	genetic	
studies	 are	 able	 to	 identify	 mutation	 in	 tubulin	 family	 members	 which	 are	 involved	 in	






for	 both	 growth	 and	 maintenance	 of	 the	 neurons	 (Conde	 and	 Cáceres,	 2009).	 It	 has	 two	 major	
functions	inside	the	neurons,	the	first	one	of	which	is	to	guide	the	intracellular	transport	of	the	various	
neuronal	cargos	like	organelles,	synaptic	vesicle	precursors,	adhesion	molecules,	signaling	molecules,	




















maintain	 robust	 signalling	 pathways	 from	 synapse	 to	 soma	 and	 vice	 versa.	 Various	
neurodevelopmental	 and	 neurodegenerative	 diseases	 have	 been	 associated	with	mutations	 in	 the	
axonal	transport	machinery	(Maday	et	al.,	2014).	Since	intracellular	transport	plays	crucial	roles	in	the	
development	 and	 maintenance	 of	 axonal,	 dendritic	 and	 synaptic	 processes,	 cells	 employ	 a	 set	 of	
mechanisms	to	ensure	that	cargo	is	delivered	to	the	right	destination	(Maday	et	al.,	2014).	Neurons	
show	polarization	in	terms	of	cargo	transportation	to	axon	or	dendrites,	with	specific	motors	targeting	
either	 one	 of	 them	 (Kapitein	 and	 Hoogenraad,	 2011;	 Kapitein	 et	 al.,	 2010).	 Although	 the	 exact	
mechanism	for	this	polarized	transport	remains	unclear,	recent	studies	have	shown	that	the	specific	




selectively	 transporting	 cargoes	 into	 axons	 despite	 the	 presence	 of	 plus	 end	 out	 microtubules	 in	
dendrites	 (Nakata	 and	Hirokawa,	 2003).	Non-polarized	 targeting	 in	 both	 axon	 and	dendrites	when	





















	Figure	 7	Role	of	microtubule	 in	neuron	 initiation	and	elongation.	 Axon	 initiation	 is	 the	 first	 step	
towards	neuron	elongation	and	development	and	microtubule	stabilization	is	central	to	this	process.	
After	the	axon	initiation,	the	axon	growth	cone	leads	the	axon	elongation	process.	The	axon	contains	
uniformly	 oriented	 microtubules	 with	 growing	 end	 out	 parallelly	 bundled	 together	 whereas	 the	
dendrites	 contain	 microtubules	 with	 mixed	 orientation.	 During	 axon	 elongation,	 the	 dynamic	
microtubules	play	important	role	as	the	polymerizing	microtubules	gives	the	pushing	force	needed	
and	whereas	 the	 retrograde	 flow	of	actin	provides	 the	pulling	 force.	During	 the	axon	 growth,	 the	
collateral	 branches	can	appear	at	 various	 region	on	 axonal	 shaft.	 Axon	branch	can	 form	either	by	





end	 of	 stable	microtubules	 and	 are	 highly	 concentrated	 at	 the	 tip	 of	 neurites	whereas	 the	 stable	
microtubules	are	present	more	at	the	proximal	axon	(Baas	et	al.,	1993;	Brown,	1992).		
	
The	 stability	 of	 microtubules	 plays	 a	 critical	 role	 in	 axon	 differentiation.	When	 the	 neurons	 were	
treated	with	 low	amount	of	microtubule	 stabilizing	drug	 taxol,	 the	extended	neurites	 showed	high	
acetylated	to	tyrosinated	microtubule	ratio,	proximo-distal	tau	protein	distribution	and	no	MAP2	was	
present	 in	 these	 extensions.	 All	 of	 the	 extended	 neurites	 were	 showing	 similar	 microtubule	
organization	and	MAP	distribution	 compare	 to	 the	axons	 in	neurons	 (Witte	et	 al.,	 2008).	 Similarly,	
selective	 stabilization	 of	 the	microtubules	 in	 one	 of	 the	 neurites	 using	 caged	 photoactivable	 taxol	
resulted	 in	 the	 formation	of	axon	and	this	 local	 stabilization	of	microtubules	did	not	 interfere	with	
neither	normal	axon	elongation	nor	the	growth	cone	dynamics	(Witte	et	al.,	2008).	
	













and	 microtubule	 dynamics,	 with	 microtubule	 polymerization	 providing	 the	 pushing	 force	 and	
retrograde	transport	of	actin	providing	the	pulling	force	(Kapitein	and	Hoogenraad,	2015a;	Lewis	et	al.,	
2013).	Along	with	microtubule	polymerization,	translocation	of	whole	microtubule	bundle	also	drives	





dynamic	 microtubules	 function	 in	 growth	 cone	 formation	 and	 elongation.	 When	 the	 low	 dose	 of	
vinblastine,	a	drug	which	slows	down	the	microtubule	dynamics	by	inhibiting	microtubule	assembly,	








directly	 interact	with	 the	membrane	protein	netrin	 receptor	DCC	at	 the	cortex	which	couples	axon	
guiding	cue	Netrin-1	directly	to	the	microtubule	dynamics	during	axon	growth	and	elongation	(Qu	et	
al.,	2013).	Microtubules	along	with	being	a	structural	element	also	acts	as	a	signaling	hub	that	regulates	






order	 to	 connect	 with	 multiple	 postsynaptic	 targets.	 It	 is	 a	 fundamental	 mechanism	 for	 the	
connectivity	 in	central	nervous	system	and	can	occur	through	two	distinct	mechanisms:	splitting	or	
bifurcation	of	growth	cone	and	interstitial	mode	of	branching	(Lewis	et	al.,	2013;	Portera-Cailliau	et	al.,	









days	 after	 the	 growth	 cone	 have	 bypassed	 the	 target	 area	 (Kalil	 and	Dent,	 2014).	 In	 the	 axons	 of	
corticospinal	neurons,	the	growth	cone	first	bypasses	the	basilar	pons	and	only	after	a	delay	they	form	
dynamic-finger-like	actin	 rich	 filopodia	which	develops	 into	stable	branches	and	arborizes	 the	pons	
(Bastmeyer	 and	OLeary,	 1996).	 This	mode	 of	 branching	was	 also	 observed	 in	 callosal	 axons	which	















elongate	through	microtubule	bundling	 (Ketschek	and	Gallo,	2010;	Lewis	et	al.,	2013)	 (Figure	7).	 In	
sensory	 neurons,	 the	 actin	 filaments	 transiently	 accumulate	 to	 form	 an	 actin	 patch	 at	 the	 axon	
membrane	 protrusions,	 which	 gives	 rise	 to	 filopodia	 and	 lamellipodia	 (Ketschek	 and	 Gallo,	 2010;	
Spillane	et	al.,	2011).	Actin	dynamics	 is	highly	 regulated	 in	neurons	by	an	array	of	actin-associated	
















or	splaying	of	the	microtubules,	 then	the	 local	 fragmentation	occurs	at	the	branch	points	and	then	




various	 motor	 proteins	 bind	 to	 microtubule	 and	 regulate	 its	 dynamics	 during	 branch	 formation.	
 40	
Overexpression	of	microtubule	severing	proteins	such	as	spastin	and	katanin	in	hippocampal	neurons	










protein,	 when	 genetically	 ablated	 in	 cortical	 and	 hippocampal	 neurons,	 results	 in	 failure	 of	
neuritogenesis.	The	ablation	leads	to	actin	disorganization	due	to	blockade	of	actin	retrograde	flow	
and	 impairs	 microtubule	 bundling	 (Flynn	 et	 al.,	 2012).	 Combined	 action	 of	 two	 interacting	 septin	
protein	SEP6	and	SEP7	provides	a	coordinating	mechanism	for	the	axon	branching.	SEP6	when	localizes	
to	the	axonal	patches	of	F-actin,	increases	the	recruitment	of	a	ARP2/3	regulator	cortactin	and	triggers	
the	 formation	 of	 filopodia.	 SEPT7	 on	 the	 other	 hand	 promotes	 the	 microtubule	 entry	 of	 axonal	
microtubules	in	filopodia	leading	a	formation	of	collateral	branches	(Hu	et	al.,	2012).	It	is	getting	clearer	








moved	 along	 the	 axon	 with	 motor	 proteins	 (Conde	 and	 Cáceres,	 2009).	 But	 over	 time	 during	
development	the	activity	of	centrosome	loses	its	function	as	MTOC	and	then	acentrosomal	mode	of	
nucleation	plays	an	important	role	in	axon	development	(Ori-McKenney	et	al.,	2012;	Stiess	et	al.,	2010).	
During	 the	 course	 of	 development	 it	 was	 found	 that	 the	 amount	 of	 g–tubulin	 along	 with	 other	
pericentrioler	material	like	pericentrin	is	reduced	in	the	centrosome	and	were	delocalized	to	both	axon	















nucleation	 in	 dendrites	 but	 did	 not	 support	 the	 idea	 of	 Golgi	 outposts	 housing	 the	 microtubule	
nucleation	sites.	When	an	activated	kinesin	dragged	the	Golgi	out	of	the	dendrites	g-tubulin	remained	








and	 colocalize	 with	 g-turc	 and	 locally	 regulating	 microtubule	 nucleation	 for	 proper	 neuronal	


















microtubules.	 Both	 human	 and	 Chlamydomonas	 protein	 share	 around	 60%	 amino-acid	 sequence	










positively	 charged	 residues.	 SSNA1	 seems	 to	 make	 oligomers	 through	 head	 to	 tail	 interaction,	 a	
property	which	seems	to	be	conserved	 	across	 the	species(Pfannenschmid	et	al.,	2003;	Price	et	al.,	
2012;	Rodríguez-Rodríguez	et	al.).	The	amino	acids	residues	14-104	was	reported	to	be	important	for	




SSNA1	 is	 a	 microtubule	 binding	 protein	 and	 reduction	 of	 CrSSNA1	 in	 Chlamydomonas	 with	 RNAi	






in	 neurons	 and	 overexpression	 of	 SSNA1	 in	 primary	 neurons	 resulted	 into	 the	 promotion	 of	 axon	
branching	and	enhanced	axonal	development.	
	
Apart	 from	 this,	 SSNA1	 was	 also	 reported	 to	 be	 involved	 in	 transport	 of	 orphan	 receptor	
TPRA40/GPR175	which	 has	 been	 shown	 to	 be	 essential	 for	 the	 regulation	 of	 cell	 division	 and	 the	
interaction	with	SSNA1	was	important	for	its	function	of	regulating	cell	division	in	mouse	embryos	(Aki	
et	al.,	2008).	These	accumulations	of	the	evidences	altogether	suggest	that	SSNA1	 is	a	microtubule	
















Understanding	 the	 self-assembly	 is	 very	 important	 not	 only	 to	 get	 insights	 into	 the	 biological	














Self-assembly	 of	 protein	 on	membrane	 surface	 is	 critical	 for	 the	 remodeling	 of	membrane	 for	 the	
curvature	 formation.	Remodeling	of	biological	membrane	 is	essential	 for	various	biological	process	
such	as	vesicle	trafficking,	polarization	or	migration	of	cells,	cell	division	and	formation	of	organelles.	
Various	membrane	shapes	are	formed	from	flat	membrane	surfaces	in	coordination	of	various	proteins	
where	 protein	molecules	 self-assemble	 on	 the	membrane	 surface	 and	 drives	 formation	 of	 various	
kinds	of	membrane	shapes	such	as	flat,	tubular,	spherical	and	saddle-like.	The	non-vaginated	plasma	
membrane	 shows	 a	 flat	 shape,	 T-tubules	 in	muscle	 shows	 tubular	 shape,	 transport	 vesicles	 show	
spherical	shape	and	invaginated	vesicle	which	are	not	completely	developed	and	emerging	from	the	





2001).	Amphiphysin2/BIN1	 is	a	crescent	shape	N-BAR	protein	which	 is	 involved	 in	the	formation	of	
these	deeply	invaginated	T-tubules	in	muscles	(Lee	et	al.,	2002).	The	amphiphysin2	is	a	special	group	
of	 membrane	 curving	 proteins	 belonging	 to	 the	 BAR(Bin/Amphiphysin/Rvs)	 domain	 superfamily.	

















Along	 with	 other	 cytoskeletal	 components	 like	 actin	 and	 intermediate	 filaments,	 microtubule	 is	
essential	 in	 order	 to	 maintain	 cell	 shape	 and	 morphology.	 Change	 in	 cell	 shape,	 morphology	 or	
polarization	 is	 very	 important	 for	 various	 cellular	 processes.	 Inside	 the	 cell	microtubule	 organizing	
centres	 (MTOCs)	 like	 centrosome	were	 thought	 to	 be	 only	 source	 for	microtubule	 nucleation	 and	
organization	inside	the	cell.	But	recent	studies	have	shown	that	apart	for	these	known	MTOCs	there	








that	 this	protein	 could	 interact	with	microtubule	 severing	protein	 spastin	and	plays	 important	 role	
during	 cytokinesis	 in	 cell	 division.	 The	 knock-down	 of	 this	 protein	 using	 RNAi	 method	 resulted	 in	
multinucleated	 cell	 in	mammalian	 cell	 lines	 and	multi-flagellated	 cells	 in	 green	 algae.	When	 over-	
expressed	in	neuron,	it	resulted	in	elongation	and	hyper-branching	of	the	axons.	This	phenotypes	in	
different	cells	shows	that	this	protein	is	capable	of	modulating	several	microtubules	based	processes	





















structure	 where	 a	 new	microtubule	 directly	 branches	 out	 from	 the	 existing	 old	 microtubule.	 The	
remodelling	or	branching	property	of	SSNA1	is	related	to	its	ability	of	self-assembly	and	the	mutants	
which	 abrogates	 the	 self-assembly	 of	 SSNA1	 also	 abolishes	 microtubule	 branching.	 These	 SSNA1	
mutants	 that	 abolish	 microtubule	 branching	 in-vitro	 also	 fail	 to	 promote	 axon	 branching	 when	
overexpressed	in	neurons.	
	
This	 study	was	 conducted	 under	 the	 supervision	 of	 Dr.Naoko	Mizuno.	 For	 this	 study,	 I	 performed	
biochemical	and	in-vitro	experiments	including	cloning,	design	of	mutant	constructs,	data	acquisition	
and	 analysis	 for	 electron	 and	 light	 microscopy	 (in	 vitro	 as	 well	 as	 cellular)	 experiments.	 Neuron	




























































































assembly	 of	 these	 protein	 on	 a	 membrane	 results	 in	 its	 remodelling	 into	 a	 tubular	 structure.	
Amphiphysin/BIN1	is	involved	in	forming	deeply	invaginated	tubes	in	muscle	T-tubules,	however	the	





of	 the	Amphiphysin/BIN1	seems	not	 to	have	any	 involvement	 in	 the	self-assembly.	For	 this	 study	 I	












































































Many	 if	not	all	 cell	 types	are	polarized	and	cell	polarity	 is	essential	 for	migration,	organization	and	












various	 mutation	 in	 microtubule	 related	 genes	 such	 as	 tau,	 spastin,	 dynein,	 kinesin,	 dynactin,	
doublecortin	and	lis1	were	linked	to	various	neurodevelopmental	disease	(Kapitein	and	Hoogenraad,	
2015).	Not	only	microtubule	related	genes	but	genetic	studies	have	also	linked	various	neurological	









the	microtubules	 resulted	 into	 the	branch	 formation	 (Kalil	et	al.,	2000).	Microtubules	are	parallelly	
bundled	 in	 the	 axons	 and	 in	 order	 to	 enter	 the	 branch	 sites	 it	 has	 to	 undergo	 certain	 degree	 of	
remodeling	and	reorganization.	The	first	step	is	unbundling,	then	the	microtubules	are	splayed	and	it	
enters	 to	 the	 branch	 site.	 But	 what	 kind	 of	 remodeling	 occurs,	 that	 the	 long,	 bundled	 array	 of	
microtubules	enter	the	branch	site?		
	









role	 in	 promoting	 axon	 elongation	 and	 branching	 but	 the	mechanism	 through	which	 it	modulated	
microtubule	 dynamics	 was	 still	 not	 clear.	 We	 show	 that	 SSNA1	 is	 a	 microtubule	 nucleating	 and	
branching	 factor	 which	 accumulates	 at	 the	 axon	 branches	 and	 promotes	 the	 branch	 formation	 in	
primary	 neurons.	 In-vitro	 reconstitution	 of	 SSNA1	 and	 unpolymerized	 tubulin	 showed	 that	 SSNA1	






and	 form	 daughter	 a	microtubule.	 To	 our	 knowledge	 no	 other	MTBPs	 can	 directly	 remodeled	 the	
microtubule	nor	there	is	any	report	mentioning	the	rigid,	cylindrical	microtubule	has	a	plasticity	to	be	
remodeled	 in	 such	 a	 manner.	We	 tested	 two	 other	MTBPs,	 EB3	 which	 regulates	 the	microtubule	
dynamics	 at	 growing	 end	 and	 ch-TOG	 which	 is	 a	 known	 microtubule	 nucleator	 under	 the	 same	
experimental	condition	and	both	of	these	proteins	did	not	induce	microtubule	branching.	This	property	
of	remodeling	microtubule	seems	to	be	unique	to	SSNA1	and	it	relies	on	its	ability	to	self-assemble	into	






branched	network,	which	 is	 independent	of	 centrosome	plays	an	 important	 role	 in	 various	 cellular	








connections	 between	 the	 microtubule	 protofilaments.	 The	 protein	 is	 also	 self-assembling	 on	 the	
surface	 of	 microtubule	 lattice,	 during	 co-polymerization	 and	 this	 self-assembly	 could	 precede	 the	
formation	of	microtubule	 lattice.	The	preceding	SSNA1	now	could	guide	protofilaments	outside	the	




could	 be	more	 complex	with	many	 factors	 involved	 simultaneously	 but	 SSNA1	 could	 possibly	 be	 a	






































In	specialized	cells	such	as	neurons	 it	 is	essential	 for	various	processes	such	as	neuronal	migration,	









Various	 studies	 in	 the	 past	 have	 given	 us	 insights	 into	 the	 general	 mechanism	 of	 axon	 branching	
process.	 The	 cytoskeleton	 undergoes	 major	 reorganization	 during	 the	 branch	 formation	 with	
microtubule	 getting	 fragmented,	 reorganized	 followed	 by	 entry	 into	 branches	 and	 its	 subsequent	
stabilization.	Then	when	does	SSNA1	acts	at	the	branch	points?	Since,	SSNA1	remodels	and	nucleates	
microtubules	and	also	interacts	with	microtubule	severing	enzyme	spastin,	one	could	imagine	SSNA1	




































































conserved	 domains	 illustrated	 in	 the	 box.	 	 In	 case	 of	 ch-TOG,	 the	 TOG	 domains	 are	 repeating	 and	
tandemly	arranged.	EB	protein	acts	as	a	“Master	Tip”.	Through	its	CH	domain	EB	protein	binds	to	the	
microtubule	surface	and	via	its	C	terminal	EBH	domain	and	EEY	motif	it	can	recruit	other	proteins	like	
CLIP-170,	 p150glued,	 APC,	 MCAK,	 CLASP	 etc.	 to	 the	 microtubule	 surface.	 Figure	 adapted	 from	
(Akhmanova	and	Steinmetz,	2015b).	(B)	EB	protein	CH	domain	binds	to	microtubule	at	the	vertex	of	
four	ab-tubulin	 dimers	 (Akhmanova	 and	 Steinmetz,	 2015b)	 (C)	 +TIPs	 like	 XMAP215,	 tPX2	 and	DCX	




complex	 and	 microtubule	 nucleation	 from	 g-TURC	 complex	 {Kollman:2011gj}11.	 (B)	 Schematic	
representation	 of	 minus	 end	 protein.	 (C)	 Microtubule	 organizing	 center.	 Apart	 from	 centrosome,	
microtubules	can	nucleate	from	various	other	cellular	structures	like	Golgi	complex,	chromosome	and	








from	 epidermal	 hypocotyl	 cells	 (GFP-tubulin)	 in	 plant	 cells	 (Elliot	 and	 shaw,2018)	 1.	 (E)	 Parallel	




Centrioles	 at	 the	 base	 of	 cilia	 and	 flagella	 is	 known	 as	 basal	 bodies.	 In	 centrioles,	 nine	 triplet	
microtubules	 are	 arranged	 in	 a	 cartwheel	 assembly	whereas	 in	 the	 primary	 cilium	has	 nine	double	
microtubules	surrounding	two	central	pair	of	microtubules	in	a	“9+2”	arrangements.	___________	31	
	
Figure	 7	 Role	 of	 microtubule	 in	 neuron	 initiation	 and	 elongation.Axon	 initiation	 is	 the	 first	 step	
towards	neuron	elongation	and	development	and	microtubule	stabilization	is	central	to	this	process.	
After	the	axon	initiation,	the	axon	growth	cone	leads	the	axon	elongation	process.	The	axon	contains	
uniformly	 oriented	 microtubules	 with	 growing	 end	 out	 parallelly	 bundled	 together	 whereas	 the	
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